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CC Snake venom hemorrhagic metaUoproteinase toxins 
LMthat have metaUoproteinase, disintegrin-like and cys- 
^ieine-rich domains are significantly more potent than 
LJ-itoxins with only a metaiioproteinase domain. The disin- 
^-^tegrin-Iike domains of these toxins differ from the dis- 
integrin peptides found in crotalid and viperid venoms 
4X1 by tne nature of their different disulfide bond structure 
f= and, in lieu of the disintegrins* signature Arg-Gly-Asp 
(RGD) integrin binding sequence, there is an XXCD dis- 
ulfide-bonded cysteinyl sequence in that region. Due to 
these apparent differences, the contribution to the over- 
all function of the hemorrhagic metaUoproteinases by 
the disintegrin-like domain has been unknown* In this 
investigation we have expressed in insect ceUs the dis- 
integrin-like/cysteine-rich (DC) domains of the Crotalus 
atrox hemorrhagic metaUoproteinase atrolysin A and 
demonstrated that the recombinant protein (A/DC) can 
inhibit coUagen- and ADP-stimulated platelet aggrega- 
tion. Using synthetic peptides, we have evidence that 
the region of the disintegrin-like domain that is posi- 
tionally analogous to the RGD loop of the disintegrins is 
the site responsible for inhibition of platelet aggrega- 
tion. For these synthetic peptides to have significant 
inhibitory activity, the -RSECD- cysteinyl residue must 
be constrained by participation in a disulfide bond with 
another cysteinyl residue. The two acidic amino acids 
adjacent to the middle cysteinyl residue in these pep- 
tides are also important for biological activity. These 
studies emphasize a functional role for the disintegrin- 
like domain in toxins and suggest structural possibili- 
ties for the design of antagonists of platelet aggregation. 



The distinctive characteristic of envenomation by a crotalid 
or viperid snake is local and in severe cases systemic hemor- 
rhage. The profuse hemorrhage observed is usually due to the 
synergistic action of a large number of toxins in the venom (1, 
2). However, the toxins primarily responsible for hemorrhage 
are snake venom zinc metalloproteinases (SVMPs), 1 which are 
members of the reprolysin subfamily of the M12 family of 
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1 The abbreviations used are: SVMPs, snake venom metalloprotein- 
ases; Acm, acetoamidomethyl; AcNMPV: A. califomica nuclear polyhe- 
drosis virus; ADAMs, a. disintegrin-like and metaUoproteinase proteins; 
A/DC, recombinant disintegrin-like/cysteine-rich protein from atrolysin 
A; MALD-TOF, matrix assisted laser desorption-time of flight; MDCs, 
metaUoproteinase disintegrin-like cysteine-rich proteins; PAGE, poly- 
acrylamide gel electrophoresis. 



metalloproteinases (3-5). These toxins, as isolated from crude 
venom, belong to one of three related structural classes, P-I, -II, 
and -III, which primarily differ from one another by the pres- 
ence of additional domains on the carboxyi side of the metaiio- 
proteinase domain (4). The P-I class has only a mctalicprotcin* 
ase domain, whereas the P-II class has a disintegrin or 
disintegrin-like domain carboxyi to the proteinase domain. The 
P-III class metalloproteinases have yet another domain, the 
cysteine-rich domain, which is found carboxyi to the disinte- 
grin-like domain. 

The P-III class of venom metalloproteinases is related to the 
ADAMs/MDCs group of type I integral membrane protein. 
These protein groups have homologous proteinase, disintegrin- 
like and cysteine-rich domain structures, and these proteinases 
are classified as members of the reprolysin subfamily of met- 
alloproteinases (5). However, the ADAMs/MDC proteinases 
possess additional carboxyl-terminal structures comprised of 
epidermal growth factor-like, transmembrane, and cytoplasmic 
domains (6-9). 

The biological function of many of the ADAMs/MDCs pro- 
teins is unclear, except for the fertilins a and 0, which are 
involved in egg-sperm fusion (10), meltrins, which are involved 
in myoblast fusion (11), and KUZ, a Drosophila protein which 
participates in neurogenesis (12). In the case of the fertilins, 
which are the most functionally characterized of the group, the 
disintegrin-like domain of fertilin is thought to modulate egg- 
sperm fusion by interaction of the disintegrin-like domain of 
the sperm fertilin with the integrin on the egg (13). The 
structural features of the disintegrin-like domain important in 
this interaction are not known with certainty but may involve 
a specific sequence of the disintegrin-like domain of fertilin 
(13). 

Disintegrins are peptides, isolated from the venoms of cro- 
talid and viperid snakes, and range in length from 49 to 84 
amino acid residues. They function as potent inhibitors of 
platelet aggregation (14-16). The RGD sequence in a 13-resi- 
due 0-loop structure (the RGD loop) is the critical structural 
moiety responsible for biological activity and is central to the 
interaction of the disintegrins with the platelet integrin a in> 03 
(17, 18). The disulfide bond structure of these peptides also 
contributes to the activity of the disintegrins (19, 20). The 
disintegrins are derived from homologous precursors of the P-II 
class of snake venom metalloproteinases by the processing of 
precursors comprised of pre-, pro-, metaiioproteinase, and dis- 
integrin domains (21). 

The homologous region of the class P-III SVMPs differs from 
the disintegrins and their P-II precursors in several ways. Due 
to these differences, we have termed them "disintegrin-like" 
domains. Disintegrin-like domains have two additional cystei- 
nyl residues compared with the disintegrins, and therefore the 
disulfide bond arrangement is likely to be different We hypoth- 
esize that one of these cysteines is involved in a disulfide bond 
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Snake Venom Disintegrins: ** w 

Atrolysin e sppwsgnelleagieCdCgsl enfCCyattCkmrpgsqCaeglCCdq--Crfm}q<gtvCrvskvd-rnddtCtgqsadCp RNG 

Bitistatin 3 sppvCgnkileqgedCdCg3PA.nC---cdqCCnaatCkltpssqCnh^^ 

Trigramin EAGEDCdCgSP ANPCCdAATCfCLIPCAQCgECLCCDQ— CSFIESGTVCRIARGD-DLDDYCNGRSAGCpRNPFH 

Rhodes toain gkeCdCssp enpCCdaatCklrpgaqCgeglCCeq--CkfsragkiCriprgd-mpddrCtgqsadCpryh 

Kistrin gkeCdCssp enpCCdaatCklrpgaqCgeglCCeq—CkfsragkiCriprgd-mpddrCtgqsadCpryh 



Eristcophin I 



knsaupCCdpitCkpkkgehCvsgpCCrn-- CkflnpgtiCkkgrgd-nuoyCtgvssdCfrwp 



eCesgpCCrn--CkflkegtiCkrargd-dmddyCngktCdCpr 



SFFvCGn'ELLEVGEECdCgSPR-TC kDPCCDaatCkLhSWE^ESGEu^-w — \-KFTSAGNVvi-RPAR5EcIjIAE5uaGQSADu-PxuDFHRKGr 

sppvCgnei^ageeCdCgspenC---qyqCCdaasCklhswvkCesge^ 

sppvCgoti^vceeCdCgtpenC---qntCCdaatCklksgsoCghgdCCeq--CkfsksgteCrasmseCdpaehCtgqsseC-pad^ 
sppvCgneiweegeeCdCgspanC---qnpCCdaatCkij<pga£CgnglCCyq--Cki^^ 



ADAMs Disintegrin-like Domains: *** U 

gp Far til in a CgngweeseqCdCg — vnCd — tseCCdqa-CnucgnatCsnelCCsd — Cqyk-sgylCrpsvgpColpeyCtgqsgkC-pldtykqdg 

m. Fcrtiiin a Cgngvvedi£eCdCg--sdCd--shpCCspt-Ctlkega<2Cssgl^ 

gp Fertilin p Cg^veqgedCdCgsqeeCq---dtCCdaatCrlkstsrCaqgpCCnq--CefktkgevCr£StdeCdl?eyCngssgaCqesdlyving 
m. Fertilin 11 CgngeveedeiCdCgkk-gCae^ppCCnpdtCklsdgseCssgiCCns--CklkrkgevCrla<2deCdvteyCngtsevCedf-- fvqns 



*** Arg-Cly-Asp Cell binding site. U Site of "extra cys" in "RGD Loup". 
Jara = .laralinein: CV = etiinca pic: M = mouse. 



Hypothetical S-S bond belwccn ipacer and disinti'grin-hke domain. 



r*3 



Fig. 1. Comparison of the structure of the disintegrins with the non-RGD disintegrin-like domains of the SVMPs and the ADAMs. 



with a region amino- terminal to the disintegrin-like domain 
(the spacer region) which links the disintegrin-like domain 
with the proteinase domain (Fig. 1). The other cysteinyl residue 
is thought to be in a disulfide bond linkage with a cysteinyl 
residue in the cysteine-rich domain carboxyl to the disintegrin- 
like domain (22). This would form the spacer region, the disin- 
tegrin-like domain, and cysteine-rich domain into one continu- 
ous, disulfide bond-interconnected structure. The other notable 
difference between the disintegrin-like domains of the SVMPs 
and the disintegrin peptides is that while most disintegrins 
contain the RGD mtegrin-binding consensus sequence, to date 
no disintegrin-like domain of the class P-III SVMPs has been 
reported with the RGD consensus sequence. Furthermore, the 
additional cysteinyl residue found in the XXCD sequence de- 
scribed above for disintegrin-like domains lies in the middle of 
the loop where in the disintegrins the RGD sequence is located. 
Therefore, the topology of the disintegrin-like domain in this 
area is probably very different from that observed in the dis- 
integrins proper (23, 24). This would certainly be the case if 
that cysteinyl residue were involved in a disulfide bond. 

Since the class P-III hemorrhagic proteinases are signifi- 
cantly more potent than the class P-I toxins, we hypothesize 
that the additional carboxyl domains in the P-III toxins make 
an important contribution to the overall higher potency of this 
class of hemorrhagic toxins (22). To explore this concept, we 
have expressed in insect cells the combined disintegrin-like/ 
cysteine-rich domains (A/DC) of atrolysin A, the most potent 
hemorrhagic toxin from the western diamondback rattlesnake 
Crotalua otrox. We now report on the ability of the recombinant 
A/DC protein as well as synthetic peptides designed from the 
SECD sequence region of the disintegrin-like domain to inhibit 
platelet aggregation. The structural role of the middle cysteinyl 
residue and adjacent acidic residues in the SECD loop region of 
disintegrin-like domains is also described. 



EXPERIMENTAL PROCEDURES 

Cloning of Atrolysin A Disintegrin-like /Cysteine-rich Domains (A/ 
DC) — Standard recombinant DNA techniques were used to clone the 
A/DC fragment into the baculovirus pMbac vector (Stratagene Cloning 
Systems, La Jolla, CA). The DNA fragment encoding the disintegrin- 
like and cysteine-rich domains of atrolysin A was generated by polym- 
erase chain reaction from an atrolysin A cDNA clone (4). Two oligonu- 
cleotide primers were designed for the polymerase chain reaction 
amplification and cloning. The upstream primer was 5'-CAATGAC- 
CCGGGGCAAACAGATATAAnTCAC-3 ' and the downstream primer 
used was 5'-GATOrGGATCX7TCAAATCTGAGAGAAGCCAGA-3'. 
These two primers were designed to include Smal and BamHl restric- 
tion sites, respectively, for in-frame insertion into the SmaVBamHI- 
linearized pMbac vector. The pMbac vector contains the signal sequence 
for melittin so that the recombinant protein should be secreted into the 
media. Prior to ligation into the pMbac vector, the A/DC polymerase 
chain reaction fragment (667 base pairs) was ligated into the pCR II TA 
cloning vector (Invitrogen) for propagation and then restriction with 
SmaVBamHL The accuracy and frame information of A/DC in the 
pMbac vector was confirmed by complete DNA sequence and restriction 
analysis of the insert (25). Recombinant baculoviruses were generated 
by co-transfection of Sf9 (Spodoptera frugiperda) cells with the pMbac 
vector containing the A/DC insert (pMbac/A/DC) and AcNMPV nuclear 
polyhedrosis virus according to manufacturer's instructions (Bacul- 
oGold Transfection Kit, PharMingen). Plaque assays were performed, 
and following three rounds of plaque purification a population of homo- 
geneous, recombinant A/DC baculovirus particles were obtained. 

Expression and Isolation of Recombinant A /DC from Sf9 Insect 
Cells — Sf9 cells at a cell density of 2-3 X 10~* cell/ml were transfected 
with the recombinant baculovirus at a ratio of 10 plaque-forming units 
per insect cell The infected cells were harvested after 4 days by cen- 
trifugation at 4 °C for 15 min at 3000 rpm. The pelleted cells were 
resuspended in lysis buffer (10 mM Tris-HCl buffer, pH 8.0, 1 mM EDTA, 
0.2 mM phenylmethylsulfonyl fluoride) and then disrupted in a French 
press. The suspension was centrifuged at 4 °C for 30 min at 15,000 X g 
and the resultant supernatant dialyzed against 20 mM Tris-HCl buffer, 
pH 8.0 at 4 *C. The dialyzed solution was then loaded onto a DEAE- 
cellulose ion-exchange column (1.5 X 40 cm) equilibrated with diarysate 
buffer, and the column was developed with a linear gradient of 0-1 m 
NaCl in the equilibration buffer. Fractions were monitored by SDS- 
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301 321 341 

TTC GGT TAC TGC TAC AAT GGG AAT TGC CCC ATC ATG TAT CAC CAA TGT TAT GCT CTC TGG 
FGYCYNGNCPIMYHQCYALW 



361 381 401 

GGG TCA AAT GTA ACT GTG GCT CCA GAT GCA TGT TTT GAT ATT AAC CAG AGC GGC AAT AAT 
CSNVTVAPDAC FD INQSGNN 

Cysteine-Rich Domain 



421 441 461 

TCT TTC TAC TGC AGA AAG GAA AAT GGT GTA AAT ATT CCA TGT GCA CAA GAG GAT GTA AAC 
SFYCRKENGVN1 PCAQEDVK 



481 SOI 521 

TGT GGC AGG TTA TTC TGC AAT GTT AAT GAT TTT CTA TGC CGA CAC AAA TAT TCA GAT GAT 
CGRLFC, NVNDFLCRHKYSDD 



541 561 581 

GGA ATG GTT GAT CAT GGA ACA AAA TGC GCA GAT GGA AAG GTC TGC AAA AAC AGG CAC TGT 
GMVDHGTKCADGKVCKNRQC 



601 621 641 

GTT GAT GTC ACT ACA CCC TAC AAA TCA ACC TCT GGC TTC TCT CAG ATT TCA 
VDVTTAYKSTSGFSQIS 



Fig. 2. cDNA sequence and virtual 
protein sequence of atrolysin A/DC. 
The recombinant protein sequence QTD- 
begins at the start spacer region. The 
RGD-like loop region is boxed. 



PAGE on 12% gels (26) and by Western blot analysis using an anti- 
atrolysin A polyclonal antibody (27). The fractions identified as contain- 
ing A/DC were pooled and dialyzed against the standard equilibration 
buffer. This dialyzed solution was then applied to a MonoQ 6/5 column 
(Pharmacia Biotech Inc.), and the column was developed with a 0-1 M 
NaCl gradient in the equilibration buffer. Pooled fractions containing 
A/DC were concentrated using a Centricon-30 concentrator (Amicon) 
and then loaded onto a Sephacryl S200 (Pharmacia) column (1.5 X 150 
cm) developed with a 20 mM Tris-HCl buffer, pH 8.0, 100 mM NaCl, at 
a flow rate of 15 ml/h. Fractions containing the A/DC protein, which 
were homogeneous by SDS-PAGE and Western blot analysis following 
this chromatography, were pooled, concentrated with a Centricon-30 
cartridge, and stored at -20 °C. 

Characterization of Recombinant A/ DC — Isolated A/DC protein was 
subjected to ammo-terminal sequence analysis on an ABI 470A protein 
sequencer operated according to manufacturer's instructions. The mo- 
lecular mass of A/DC was determined by MALD-TOF mass spectrome- 
try using a Finnigan Lasennat 1000 mass spectrometer with a-cyano- 
4-hydroxycinnamic acid as the matrix. Atrolysin A and recombinant 
A/DC were alkylated under nonreducing conditions with ( u C]iodoac- 
etate (53 mCi/mmol, DuPont NEN) in a 6 M guanidine HC1, 100 mM 
Tris-HCl, pH 7.5, alkylation buffer. Following alkylation, the proteins 
were desalted by reverse-phase chromatography on a C-8 (5 jim) col- 
umn (5 X 30 mm) with a two-buffer gradient elution (buffer A, 0.1% 
trifluoroacetic acid in rL,0 and buffer B, 0.1% trifluoroacetic acid in 80% 
CNCHq and 20% R,0). Fractions containing l4 C-labeled A/DC were 
detected by absorbance at 214 nm, SDS-PAGE/autoradiography and by 
scintillation counting. Another C. atrox hemorrhagic metalloproteinase, 



atrolysin E, which has been demonstrated to contain a free cysteinyl 
residue (28), was subjected to the same alkylation procedure for use as 
a positive control. 

Peptide Synthesis— All peptides were synthesized at the 50-fimol 
scale on a Symphony multiple peptide synthesizer (Rainin) using Fmoc 
(W49-fluorenyl)metbnxycarbonyl) chemistry as suggested by the man- 
ufacturer and modified according to individual peptide sequences (29). 
Peptide amide linker resin with 0.37 mmol/g substitution (PerSeptive 
Biosystems) was used as the solid support Cleavage and deprotection of 
the peptides were performed on the synthesizer using 88% trifluoroace- 
tic acid, 2% diisopropylsilane, 5% H^O, and 5% phenol Following cleav- 
age, the ether-extracted crude peptide product was desalted and puri- 
fied on a preparative C18 reverse-phase column (250 X 21.4 mm, 
Rainin) using a 0.1% trifluoroacetic acid/H^O buffer with a gradient in 
acetonitrile (5-80%). Tne purity of all peptides was assessed by ana- 
lytical reverse phase-high performance liquid chromatography and 
MALD-TOF mass spectrometry using previously established methods 
(29). Only peptides deemed greater than 98% pure by reverse phase- 
high performance liquid chromatography were used in the platelet 
aggregation studies. Following synthesis, all peptides were lyophilized 
and stored under N, at -30 *C until used. 

In peptide 1 (see Table D the carboxyl-tenninal cysteinyl residue was 
protected with an Acm group, and the cysteinyl residues at positions 1 
and 8 were protected with trityl groups that were removed during 
cleavage of the peptide from the resin. A disulfide from Cys 1 to Cys 8 was 
introduced by air oxidation. Similarly, peptide 2 was synthesized by 
protection of cysteinyls 8 and 14 with trityl groups and cysteinyl 1 with 
an Acm group. 
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Fig. 3. Western blot analysis of the time course of A/DC expres- 
sion observed in Sf9 cells and secreted into the media. CI, C2, C3, 
and C4 and Ml, M2, M3, and M4 represent the relative amounts of 
A/DC found in lysed Sf9 cells and secreted into the media on days 1-4, 
respectively, following transfection. As can be seen, little or no specific 
or nonspecific background staining by anti-A/DC was observed at day 1 
post-transfection (CD. 

Peptide 3 was_synthesized by prote^ and Cys 14 with Acm 

groups and Cys 8 with a trityl group. Following cleavage and deprotec- 
tion, Cys 8 was alkylated with iodoacetic acid (30). Peptide 4, is based on 
the peptide 3 sequence except that the cysteinyl residue at position 8 is 
substituted by serine. Peptide 5 is based on peptide 1 structure except 
that the glutamyl residue at position 7 is substituted with an alanyl 
residue. Peptide 6 is also based on peptide 1 structure except the 
aspartyl residue at position 9 is substituted with an alanyl residue. 
Peptide 7 is the double alanyl -substituted peptide at positions 7 and 9. 
Peptide 8 is the Arg-Gly-Asp-Ala-substituted form of Arg-Ser-Glu-Cys 
sequence in peptide 3. 

Platelet Aggregation Assays — Human blood was obtained from 
healthy donors who had not taken any medications within the previous 
10 days. Blood was drawn into Becton Dickinson VACUTANER 228 
containing 0.129 m sodium citrate with a final ratio of buffer to blood of 
1:9. The tube was then centrifuged at 500 X g for 5 min. The platelet- 
rich plasma was transferred into a clean tube. Platelet concentration 
was measured with a Cell-pyn-3000 cell counter (Abbott Diagnostics). 
The assay for platelet aggregation was conducted at 37 °C in an aggre- 
gometer (Payton, CO). The concentration of platelets used in each assay 
was 250,000 cells/fd at a final assay volume of 0.5 ml. The extent of 
platelet aggregation was quantitated by measuring the total amplitude 
at a predetermined time interval following addition of the platelet 
stimulant (collagen, 0.5 /ig/ml, or ADP, 1 jim; ChronoLog Corp.). To 
assay for the ability of atrolysin A, the recombinant protein A/DC or the 
synthetic peptides, to inhibit platelet aggregation, the antagonists were 
dissolved in phosphate-buffered saline at pH 7.4, 20 mM MgCl^ imme- 
diately before use. The antagonist solution was pre incubated with 
platelet-rich plasma for 4 min at 37 °C prior to stimulation of platelet 
aggregation by collagen or ADP. The extent of the inhibition of platelet 
aggregation was assessed by comparison with the maximal aggregation 
induced by the control dose of agonist (1 /xm ADP or 0.5 ug/ml collagen) 
and then expressed as a percentage. IC^, values were determined from 
dose-response curves generated from the various concentrations used 
for the antagonists. All experiments were performed in triplicate on 
blood from at least three different donors. 

RESULTS 

Expression, Isolation, and Characterization of Atrolysin 
A /DC— The translated DNA sequence for A/DC that was in- 
serted into the pMbac vector is shown in Fig. 2. The expression 
of recombinant A/DC in transfected Sf9 cells was followed over 
time, and it was determined by Western blot analysis of Sf9 
cells that day 4 post- transfected cells yielded the most product 
(Pig. 3). Little product was observed secreted into the medium 
even though a secretion expression vector had been used. 

The chromatograms seen in Fig. 4 represent a typical isola- 
tion of A/DC from a 1-liter culture of Sf9 cells (2 X 10 6 cells/ml). 
Prom a 1-liter culture of transfected cells, the typical yield of 
purified A/DC was approximately 1 mg. The homogeneity of 
purified A/DC following the chromatography is seen in Fig. 5. 
Purified atrolysin A (4) was used as a standard for molecular 
weight comparison and Western blot analysis. 

The ammo- terminal sequence of A/DC determined from Ed- 
man degradation is given in Fig. 6. The first five residues are 
derived from the signal sequence of melittin, as coded for by the 



Fig. 4. Isolation of recombinant A/DC. a, DEAE-52 ion-exchange 
chromatography. The dotted line is the absorbance at 280 nm of the 
eluent, and the dashed line indicates the salt gradient The bar shows 
the fractions where the A/DC protein was pooled. 6, MonoQ 575 chro- 
matography of the DEAE pool The dotted line is the absorbance of the 
eluent at 280 nm, and the dashed line shows the elution of the salt 
gradient. The bar shows the fractions where the A/DC protein was 
pooled c, Sephacryl S-200 gel nitration of the MonoQ pool The dotted 
line is the absorbance of the eluent at 280 nm. The bar shows the 
fractions where A/DC was pooled. 

expression vector, and are then followed by the A/DC sequence. 
The MALD-TOF mass spectrum of A/DC is also shown in Fig. 
6. The experimental mass was determined to be 24,479 (M + H 
ion) compared with 24,154 for the calculated mass, a difference 
of approximately 300 mass units or 1.3%. The explanation for 
this small discrepancy is unclear, however, there is a possibil- 
ity for glycosylation of this protein. From protein sequence 
studies of atrolysin A, there are two N-linked glycosylation 
consensus sequences in the cysteine-rich domain, GSNVT and 
SGNNS (Fig. 2 and Ref. 4). Deglycosylation of A/DC with N- 
glycanase (Genzyme) caused a decrease in mass of approxi- 
mately 278 mass units (data not shown) suggesting that glyco- 
sylation at one or both of those sites gives rise to the difference 
in the experimental versus the calculated mass of A/DC. The 
peak at 12314 mass units is the M**H ion. 
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l4 C-Carboxymethylation of nonreduced A/DC yielded prod- 
uct with no incorporation of label. Atrolysin E, which is known 
to have one "free" cysteine, incorporated approximately 26 mCi 
of 14 C per mmol, which relates to 0.8 cysteines/molecule of 
atrolysin E. This was similar to the 30 mCi of 14 C per mmol 
found in atrolysin A. The complete sequence of mature atroly- 
sin A also has an odd number of cysteinyl residues (4). Since 
both atrolysin E and atrolysin A were approximately equally 
labeled, we concluded that atrolysin A has a single free cys- 
teine. Furthermore, based on the lack of counts associated with 
the alkylatdon of A/DC, it was therefore concluded that all the 
cysteinyl residues of recombinant A/DC are involved in disul- 
fide bonds and that the unpaired cysteinyl residue in atrolysin 
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Fig. 5. SDS-PAGE and Western blot of purified recombinant 
A/DC. A f Coomassie Brilliant Blue-stained 12% SDS-PAGE of the 
pooled A/DC from the Sephacryl S-200 column. Lane 1, molecular mass 
markers; lane 2, atrolysin A; lane 3, recombinant A/DC. B, Western blot 
of identical gel. Lane 2, atrolysin A; lane 3, recombinant A/DC. Atroly- 
sin A was purified from C. atrox venom according to the method of 
Bjamason and Tu (45). 



A resides in the metalloproteinase domain. 

Platelet Aggregation Inhibition by Atrolysin A and 
A I DC — As seen in Figs. 7 A and 8A and Table I, the hemor- 
rhagic metalloproteinase atrolysin A was a potent inhibitor of 
collagen and ADP-stimulated platelet aggregation. The recom- 
binant A/DC protein was also a potent inhibitor of platelet 
aggregation (Figs. IB and &B and Table I) but not to the same 
extent as atrolysin A, having a 4.3-fold greater ICgg value than 
atrolysin A for collagen-stimulated platelets. The ICgo of A/DC 
was of the same order of magnitude as observed for the disin- 
tegrins. Reduction and carboxyamidomethylation of A/DC 
caused a loss of all inhibitory activity (data not shown). 

Platelet Aggregation Inhibition by Synthetic Peptides — The 
IC^q values for inhibition of collagen-stimulated platelet aggre- 
gation by synthetic peptides are seen in Table I. Peptide 1. 
which is the cyclized Cys 1 -Cys 8 disintegrin-like region was a 
potent inhibitof of collagen -stimulated platelet aggregation 
with an IC^ of 218 ± 42 /xm (Fig. 9). Peptide 2, which was the 
Cys 8 -Cys 14 form of the peptide, also was demonstrated to be an 
inhibitor of platelet aggregation with an IC^ of 391 ± 31 um. 
Peptide 3 which is a linear peptide where the Cys 8 is alkylated 
and hence not constrained in a disulfide bond lacks inhibitory 
activity. Similarly, peptide 4, in which the Cys 8 of peptide 3 is 
substituted by a serinyl residue, also lacks activity. Peptides 5, 
6, and 7 represent an alanine scanning substitution for the 
Glu 7 and Asp 9 residues adjacent to Cys 8 . In peptide 5, which 
has a Glu 7 — > Ala substitution, there is an approximate 2.5 
decrease in activity compared with peptide 1. Peptide 6, which 
has an Asp 9 -> Ala substitution, the IC^ value is approxi- 
mately 1000 m-M. When both the Glu 7 and Asp 9 are substituted 
with alanyl residues there is an even greater decrease in ac- 
tivity, with an apparent IC^ value significantly greater than 1 
mM; however, due to peptide solubility, a more precise value 
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Fig. 6. MALD/TOF mass spectrum of recombinant A/DC. The amino terminus of recombinant A/DC as determined by Edman degradation 
is shown in the inset. The first five amino acids (in italic) are part of the melittin signal peptide. 
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Fig. 7. Effect of atrolysin A on human platelet aggregation. A, 
aggregometer tracings of ADP-induced (2 um) and collagen I-induced 
(0.5 /xgftnl) human platelet aggregation inhibited by atrolysin A (0.3 
HM\ B, aggregometer tracing of ADP-induced (2 um) and collagen I-in- 
duced (0.5 fig/ml) human platelet aggregation inhibited by A/DC (1.0 
um). 

could not be obtained. Peptide 8, which is the RGDA-substi- 
tuted form of the RSEC residues in peptide 1, was demon- 
strated to have potent collagen and ADP-stimulated platelet 
aggregation inhibition activity. The IC^ values for both colla- 
gen and ADP-stimulated platelet aggregation inhibition by 
peptide 1 are of the same order of magnitude for those observed 
with linear RGD containing peptides (14). 

The protein inhibitors of platelet aggregation, such as atro- 
lysin A, the recombinant A/DC protein, and the disintegrins 
themselves are significantly more active than their RGD/RGD- 
like loop peptide derivatives. Therefore, upon consideration of 
these data, it may be concluded that additional structural 
features other than those represented simply by a linear array 
of amino adds in the synthetic peptides, even though they are 
somewhat structurally constrained, are essential for the full 
inhibitory potential of these proteins. 

DISCUSSION 

It is generally observed that the higher molecular weight 
hemorrhagic metalloproteinases from snake venoms, as repre- 
sented by the class P-III toxins, are significantly more toxic 
than the P-I class toxins (1). For example, the minimum hem- 
orrhagic dose of atrolysin E, the most potent class P-II hemor- 
rhagic toxin from the western diamondback rattlesnake C. 
atrax, is 1 /ig/mouse. Atrolysin A, also from C. atrox venom, is 




Fig. 8. Concentration dependence of atrolysin A and A/DC 
inhibition of ADP-induced (2 jam) (A) or collagen I-induced (0.5 
/igfrnl) (B) human platelet aggregation* Each curve represents the 
mean of 3-6 individual experiments. The squares represent the atroly- 
sin A data and the circles A/DC. 



a P-III toxin, which in addition to its proteinase domain has 
disintegrin-like and cysteine-rich domains. Its minimum hem- 
orrhagic dose is 0.04 /xg, making atrolysin A 25 times more 
hemorrhagic than atrolysin E, which in its mature form con- 
tains only a metalloproteinase domain. This observation led to 
our hypothesis that the additional domains of the P-III toxins 
contribute to their greater hemorrhagic potency. The function- 
ality explored in this study is whether the disintegrin-like 
domain of the P-III toxins can serve to inhibit platelet aggre- 
gation and thus potentiate the production of hemorrhage. 

The ability of atrolysin A to inhibit platelet aggregation is an 
interesting and novel observation stemming from this study. 
Unfortunately, due to the presence of three domains in atroly- 
sin A, each with its own potential biological activity, it is 
unclear which domain(s) is responsible for the inhibition of 
platelet aggregation. The investigation into the contribution of 
the disintegrin-like domain of atrolysin A to inhibit platelet 
aggregation required expression of that recombinant domain. 
Expression of the disintegrin-like domain of atrolysin A failed 
to produce monomer product; therefore, we constructed and 
expressed in insect cells a recombinant protein comprised of 
the spacer region/disintegrin-lik and the cysteine-rich do- 
mains of atrolysin A. The failure to express the disintegrin-like 
domain alone may be attributed to the possibility that there is 
one disulfide bond linking the spacer region with the disinte- 
grin-like domain and one disulfide bond linking the- disinte- 
grin-like domain with a cysteinyl residue in the cysteine-rich 
domain (Fig. 2 and Ref. 22). This hypothesis is based on the 
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Table I 

Inhibition of platelet aggregation by recombinant Ai DC and synthetic peptides 
NI, no inhibition; Acm, acetoamidomethylated cysteine; Ac, acetylated amino terminus; ND, not determined. Number in parentheses is the 
number of different donors used to generate data. S.E., standard error of the mean. 



Inhibitor 



Platelet stimulant 



Collagen (0.5 jig/ml) 


ADP (1 /ui) 


lC so [ t iMj±S.E. 




0.11 ± 0.01 (4) 


0.24 ± 0.16 (3) 


0.47 ± 0.05 (6) 


0.32 ± 0.06 (4) 


218 ± 42 (6) 


ND 


391 ± 31 (3) 


ND 


NI 


NI 


NI 


NI 


546 ± 146 (3) 


ND 


-1000(3) 


ND 


»1000 (3) 


ND 


156 ± 34 (3) 


65 ± 3 (3) 



Atrolysin A 
Recombinant A/DC 
Peptide 



I 1 

Ac-CRPARSECDIAESC(Acm) -NH 2 
I 1 

Ac-C ( Aon) RPARSECDIAESC-NH 2 

Ac - C ( Acm ) RPARSEC < cm ) DI AESC ( Acm ) - 

NH 2 

AC - C ( Acm ) RPARSESDI AESC ( Acm > -NH 2 

I 1 

Ac-CRPARSACDIAESC ( Acm) -NH 2 

! "1 

Ac-CRPARSECAIAESC(Acm) -NH 2 

I 1 

Ac-CRPARSACAIAESC(Acm) -NH 2 
AC-C (Acm) RPARGDADIAESC (Acm) -NH 2 




Fig. 9. Concentration dependence of cyclized synthetic RGD- 
like loop peptides on collagen I (0.5 /ig/ml)-induced human 

I 1 

platelet aggregation. Circles represent peptide 1, CRPARSEC- 
DIAESC(A cm) and squares represent peptide 2, (Acm)CRPARSE- 

CDIAESC. 



comparison of the structures of disintegrin-like domains of the 
SMVPs and the ADAMs groups of the reprolysins to the struc- 
tures of various venom disintegrins (4, 8, 14, 22, 31, 32). Ulti- 
mately, determination of the disulfide bond arrangement in the 
disintegrin-like and cysteine-rich domains of the P-III class of 
snake venom metalloproteinases will be necessary to prove the 
hypothesis. 

Baculovirus expression of recombinant A/DC in insect cells 
was successful, ultimately yielding a protein with the ability to 
inhibit both collagen- and ADP-stimulated platelet aggrega- 
tion. This suggests that A/DC is acting at the level of the c^Pi 
collagen integrin and/or the fibrinogen receptor, otrjbPa, on 
platelets (33-35). From the studies with the synthetic peptides 
one may conclude that the functional portion of A/DC involved 
in platelet binding resides in the disintegrin-like domain. How- 
ever, at this point we have no direct evidence to exclude inter- 
actions with platelet integrins through the cysteine-rich do- 
main of A/DC. The hemorrhagic toxin jararhagin, which is a 
structural homologue of atrolysin A, has been demonstrated to 
bind to the a 2 subunit of the a^ x integrin to inhibit platelet 
adhesion to collagen (36). Jararhagin has also been shown to 
cause the proteolytic loss of the platelet collagen receptor, a^ x> 



and to degrade the adhesive plasma protein von Willebrand 
factor (37). 

Although A/DC blocked platelet aggregation, it was some- 
what less potent than atrolysin A. Whether this reflects the 
presence of additional inhibitory motifs in the structure of 
atrolysin A or the proteolytic effects of the metalloproteinase 
domain of atrolysin A, as appears to be the case with jararha- 
gin, is unknown. Alternatively, the recombinant structure may 
not reflect the actual structure of the disintegrin-like domain 
as found in the P-III toxins. IC^ values for ADP-stimulated 
platelet aggregation inhibition by snake venom disintegrins 
range from approximately 100 to 555 nM (14, 16). The IC^ 
values of atrolysin A and recombinant A/DC for ADP-stimu- 
lated platelet aggregation inhibition determined in this study 
were 240 and 320 nM, respectively, which are comparable to 
those observed for the disintegrins. This similarity of potency of 
A/DC to the disintegrins is of great interest given the signifi- 
cant differences in the sequences in this region of the disinte- 
grin (-like) domains of these proteins, particularly in the sense 
that A/DC lacks the cell-binding RGD consensus sequence. 
However, it has been reported that the RGD sequence need not 
be strictly conserved in the disintegrins for a potent ability to 
inhibit platelet aggregation (38, 39). In the case of barbourin, 
the disintegrin isolated from Sistrurus miliarus barbouri, in 
lieu of the RGD sequence, there is a conserved substitution of 
the arginine with lysine (39). This disintegrin has an ICgo value 
for inhibition of platelet aggregation similar to that observed 
for RGD-containing disintegrins (14). In another example, us- 
ing a murine Fab fragment specific for the integrin a IIb 03, 
Kunicki and colleagues (40) demonstrated that the cognate 
RGD sequence could be exchanged with RYD without an alter- 
ation in integrin recognition. These data suggest that some 
limited diversity in this sequence region may be tolerated and 
still give rise to a ligand with reasonable potency for inhibiting 
aggregation. 

From structural studies of several disintegrins, the RGD 
sequence is found positioned within an extended, flexible 0-loop 
structure where there is only limited conformational restriction 
of the RGD sequence (24, 32, 41, 42). Unfortunately, no similar 
structural information is available for disintegrin-like domain 
containing proteins. Reduction and alkylation of disintegrins 
cause a significant loss of platelet aggregation inhibition activ- 
ity (19, 20), which is also the case with A/DC. Therefore, as in 
the disintegrins, the constrained display in this region in the 
disintegrin-like domain of A/DC is critical for activity. Never- 
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theless, there remain structural differences between these re- 
gions of the disintegrin-like domain and the disintegrins based 
on their differences in sequence, disulfide bonding patterns, 
and biological activities. 

Using synthetic peptides, we have shown that the SECD 
sequence region in the disintegrin-like domain of A/DC is in- 
volved in platelet aggregation inhibitory activity. This region is 
the positional homologue of the RGD loop of the disintegrins. 
The two significant differences between this region of the dis- 
integrin-like domains of the SVMPs and the RGD region of the 
disintegrins are the XX(E/D)CD substitution for RGDXX se- 
quences observed in the disintegrins and the presence of a 
disulfide bonded cysteinyl residue (SECD) in the disintegrin- 
like domain region. Given these significant differences, it is 
very interesting that A/DC should have any ability to inhibit 
platelet aggregation and suggests a somewhat different inter- 
action of this region of the disintegrin-liks domain with the 
platelet a IIb 0 3 integrin compared with that for the RGD 
disintegrins. 

We have shown that the RSECD cysteinyl residue in atroly- 
sin A and the recombinant A/DC is constrained by a disulfide 
bond. Although the synthetic peptides we tested were disulfide 
bonded from Cys 1 to Cys 8 or Cys 8 to Cys 14 , this does not suggest 
that it is the same bonding pattern that occurs in the protein. 
However, since the RSECD cysteinyl residue is disulfide 
bonded in atrolysin A and A/DC, that region must be confor- 
mationally constrained with a quite different topology com- 
pared with the 13-member RGD loop of the disintegrins. This 
structural difference of the XXCD region of the disintegrin-like 
domain appears to be crucial for activity since the synthetic, 
linear peptides, which lack disulfide bonds or a free sulfhydryl, 
did not inhibit platelet aggregation. 

A protein containing a disintegrin-like domain, which lacks a 
metalloproteinase domain, has been isolated and characterized 
from Bothrops jararaca venom and has a similar structure to 
the recombinant A/DC protein constructed for this study. This 
protein, jararhagin-C, begins with an amino- terminal sequence 
homologous to the spacer region of the P-III toxins followed by 
disintegrin-like and cysteine-rich sequences (43). Jararhagin-C 
can inhibit ADP- and collagen-induced platelet aggregation. 
The sequence of jararhagin-C is identical to the spacer/disin- 
tegrin-like/cysteine-rich domains of jararhagin, a 55-kDa hem- 
orrhagic toxin from B. jararaca (44). Therefore, jararhagin-C is 
a proteolytically processed form of jararhagin. In this study, we 
have demonstrated that atrolysin A and the recombinant pro- 
tein A/DC, comprised of the spacer/disintegrin-like/cysteine- 
rich domains, have potent platelet aggregation inhibitory ac- 
tivities. These data suggest an increased complexity for the 
venom of crotalid snakes from the standpoint of hemorrhagic 
toxicity. The high molecular weight P-III toxins can cause 
hemorrhage by direct proteolytic disruption of capillary base- 
ment membranes (31). They may also synergize hemorrhage 
production by inhibiting platelet aggregation via their disinte- 
grin-like domain and by proteolysis of integrins and plasma 
adhesive proteins with their metalloproteinase domain. In- 
deed, the disintegrin-like and cysteine-rich domains may par- 
ticipate in the proteolytic specificity of these P-III toxins by 
directing them to the appropriate substrates. Hemorrhagic tox- 
ins are present in crotalid venoms, and their proteolytically 
processed fragments are comprised of spacer/disintegrin-like/ 
cysteine-rich domains, as well as the disintegrins proper, all of 
which give rise to a very potent mixture of active proteins 
contributing to hemorrhage production and inhibition of plate- 
let aggregation. Therefore, it is understandable that hemor- 
rhage production is one of the foremost pathological conse- 
quences of crotalid snake envenomatdon. 



In summary we have shown that the class P-III hemorrhagic 
toxin, atrolysin A from C. atrox, is a potent inhibitor of platelet 
aggregation. Our studies with synthetic peptides demonstrate 
that the region of the disintegrin-like domain of atrolysin A 
which is positionally analogous to the RGD loop of the disinte- 
grins is primarily responsible for blocking platelet aggregation. 
The RSECD sequence in the disintegrin-like domain requires 
conformational restriction through disulfide bonding of the cys- 
teinyl residue for biological activity. These considerations, plus 
the fact that the critical sequence is not an RGD sequence, 
suggest that different structural parameters are responsible 
for the biological activity of the disintegrin-like domains of the 
P-III toxins and the disintegrin-like domains of the ADAMs/ 
MDC proteins. The data reported in this study provide a new 
structural framework for the development of novel integrin 
aiituguiiisu*. 
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